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1. T h i s  paper  i n c l u d e s  p a r t  of an i n v e s t i g a t i o n  on " t h e  c o a l  hydro- 
gena t ion  by e lec t r ic  corona  d i s c h a r g e " ,  under  t h e  c o n t r a c t  w i th  
t h e  O f f i c e  of Coal Research ,  Department of I n t e r i o r .  

INTRODUCTION 

When an e lectr ic  f i e l d  (a-c i n  t h i s  paper )  is a p p l i e d  t o  t h e  series 
combina t ion  of a gaseous  gap and a d i e l e c t r i c  s o l i d ,  t h e  g a s  w i l l  b r eak  
down and conduct  a t  an  a p p l i e d  v o l t a g e  much lower than  t h a t  r e q u i r e d  
t o  b reak  down t h e  s o l i d .  The c u r r e n t  i n c r e a s e s  r a p i d l y  w i t h  an i n c r e a s e  
i n  v o l t a g e .  The d i e l e c t r i c  b a r r i e r  a c t s  a s  a series b a l l a s t  t o  s t a b i -  
l i ze  t h e  corona  d i s c h a r g e ,  which appea r s  a s  a " s o f t f t  glow e l e c t r i c a l  
d i s c h a r g e .  THIS FORM OF GLOW DISCHARGE AT ATMOSPHERIC PRESSURE I S  
DEFINED AS ffCORONAr72 i n  t h i s  pape r .  The dominant mechanism i n  corona 

2 .  A s  c o n t r a s t e d  w i t h  c o r o n a ,  t h e  s p a r k  is a form of u n s t a b l e  d i s -  
c h a r g e .  I n t e n s e  i o n i z a t i o n  a l o n g  a d e f i n i t e  p a t h  f o r  a g r e a t e r  
p a r t  of t h e  e l e c t r o d e  d i s t a n c e  is a c h a r a c t e r i s t i c  of s p a r k .  The 
a r c  is a form of c o n c e n t r a t e d  s p a r k  c h a r a c t e r i z e d  by a h igh  c u r r e n t  
d e n s i t y  a t  a -  r e l a t i v e l y  low v o l t a g e .  

is i o n i z a t i o n  by e l e c t r o n  impact .  The f r e e  e l e c t r o n s  i n  t h e  g a s  a c q u i r e  
energy  from t h e  a p p l i e d  f i e l d ,  a n d ,  c o l l i d i n g  w i t h  t h e  g a s  molecu le s ,  
c r e a t e  a d d i t i o n a l  f r e e  electrons and p o s i t i v e l y  charged  i o n s .  

t a i n i n g  s o l i d  d i e l e c t r i c  b a r r i e r s ,  chemica l  r e a c t i o n s  which o n l y  proceed  
w i t h  d i f f i c u l t y  by c o n v e n t i o n a l  means may t a k e  p l a c e  w i t h  r e a s o n a b l e  
e f f i c i e n c y .  The chemica l  r e a c t i o n s  caused  by e lectr ic  d i s c h a r g e  a r e  
e s s e n t i a l l y  t h o s e  i n v o l v i n g  a c t i v e  s p e c i e s ,  l i k e  e x c i t e d  molecu le s ,  
f r e e  r a d i c a l s  and i o n s ,  formed by i n e l a s t i c  c o l l i s i o n s  between a c c e l e r -  
a t e d  e l e c t r o n s  and molecu le s .  

Under s t a b l e  corona  e l e c t r i c a l  d i s c h a r g e  i n  an electric f i e l d  con- 

E x t e n s i v e  s t u d i e s  on t h e  c h e m i c a l  r e a c t i o n s  of a l i p h a t i c  hydro- 
c a r b o n s  unde r  t h e  e l e c t r i c a l  d i s c h a r g e ' w e r e  conducted  i n  1930's by  
Lind e t  a1 (3 ,4 ,5 ) .  Using methane &S a r e a c t a n t ,  t h e  

3. S . C .  Lind and G .  G l o c k l e r ,  J.Am.Chem.Soc., 51, 2811 (1931) .  
4 .  S.C. Lind and G.R. S c h u l t z e ,  ibid.,,  53, 3355-(1931). 
5 .  S.C. Lind and G.R. S c h u l t z e ,  h r a n s . E E c t r o c h e m . S o c . ,  59, 165 (1931) .  
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f o r m a t i o n  of f r e e  r a d i c a l s  f o l l o w e d  by p r o d u c t i o n  of m o l e c u l a r  hydrogen,  
and a l s o  c o n d e n s a t i o n  t o  h i g h e r  p a r a e n s  was t h e  e s s e n t i a l  p r o c e s s .  
Also, t h e  r e a c t i o n  sch-eme and t h e  r e a c t i o n  p r o d u c t s  o f d - r a d i o l y s i s  were 
s t u d i e d .  A s i m i l a r i t y  between r e a c t i o n s  i n  t h e  e l e c t r i c  d i s c h a r g e  and 
r a d i o l y s i s ,  was p o s t u l a t e d  by Lind et a 1  ( 6 , 7 ) .  

6 .  S.C.  Lind and G .  G l o c k l e r ,  J.Am.Chem.Soc., 5 2 ,  4450 (1930) .  
7 .  S.C. Lind and D . C .  B a r d w e l l ,  J.Am.Chem.Soc.,S, 2335 (1926) .  

The r a d i o l y s i s  of  methane was i n v e s t i g a t e d  more r e c e n t l y  i n  d e t a i l ,  
e s p e c i a l l y  to c l a r i f y  t h e  r e a c t i o n  mechanisms, i n c l u d i n g  t h e  pr imary 
and t h e  secondary  r e a c t i o n  p r o c e s s e s  ( 8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 ) .  

8 .  F.W. Lampe, J.Am.Chem.Soc., 79,  1055 (1957) .  
9 .  K .  Yang and P . J .  Manno, J .AmThem.Soc. ,  81, 3507 (1959)’. 
10. G.G.  M e i s e l s ,  W.H. H a m i l l  and R . R .  W i l l i a m s ,  J .Phys.Chem.,  60, 
11. G.G.  M e i s e l s ,  W.H.  Hami l l  and R . R .  W i l l i a m s ,  J .Phys.Chem.,  61, 
1 2 .  G . J .  Mains and A . S .  Newton, J.Phys.Chem. 6 4 ,  511 (1960) .  
13. R . R .  Wi l l iams ,  J r . ,  J.Phys.Chem. 66, 372 Ti-962). 

790 (1956).  

1456 (1957).  

High e n e r g y  e l e c t r o n s ,  l o w  energy  e l e c t r o n s ,  & - r a y  and x-ray i r r a d i a -  
t i o n s  were employed f o r  decomposi t ion  of methane,  producing  mair?ly €IZ, 
C2H6, C 3 H 8 ,  C4H10, and C5H12. I t  was found t h a t  t h e  energy  y i e l d  of 
t h e  r e a c t i o n s  were e s s e n t i a l l y  independent  of t h e  r a d i a t i o n  s o u r c e ,  
d o s a g e ,  and t h e  s y s t e m  p r e s s u r e  (6,7,8,9,10,11,12,13,14). However, 
because  of t h e  extreme complexi ty  of t h e  r e a c t i o n  p r o c e s s e s ,  t h e  mech- 
anism is n o t  y e t  c o m p l e t e l y  u n d e r s t o o d .  

1 4 .  S. S h i d a ,  Hoshasen Kagaku ( R a d i a t i o n  C h e m i s t r y ) ,  Nikkan-Kogyosha, 
Tokyo, Japan (1960) .  

E l e c t r i c a l  d i s c h a r g e  c h e m i s t r y  h a s  n o t  y e t  s t u d i e d  i n t e n s i v e l y  
from t h e  s t a n d p o i n t  of chemica l  e n g i n e e r i n g  e x c e p t  f o r  a few p r o c e s s e s  
( 1 5 , 1 6 , 1 7 ) .  I n  o r d e r  t o  a c h i e v e  t h e  t e c h n i c a l  p r o g r e s s  i n  t h i s  f i e l d ,  

~ 

15. T. Rummel, Hochspannungs Ent ladungschemie und I h r e  I n d u s t r i e l l e  

1 6 .  G. G l o c k l e r ,  and S.C. Lind ,  The E l e c t r o c h e m i s t r y  of Gases and 

1 7 .  E l e c t r i c  E n g i n e e r i n g  SOC. Ozonizer  C o m m i t t e e ,  Japan,  e d i t e d  by 

Anwendung, Munchen, Germany (1951) .  

O t h e r  Die lec t r ics ,  N e w  York (1939) .  

Suzuki  Corona-sha, Tokyo, Japan (1960) .  

a c c o r d i n g  to Suzuki  et  a l ,  it is h i g h l y  i m p o r t a n t  t o  i n v e s t i g a t e  t h e  
c o r r e l a t i o n  between e l e c t r i c  d i s c h a r g e  phenomena and t h e  chemica l  re-  
a c t i o n s  caused  by d i s c h a r g e .  T h i s  i n c l u d e s :  (1) c l a r i f i c a t i o n  of t h e  
c o n c e n t r a t i o n  and e n e r g y  d i s t r i b u t i o n  of i o n s  and e lectrons i n  t h e  d i s -  
c h a r g e  s p a c e ,  (2) u n d e r s t a n d i n g  of t h e  p r o b a b i l i t y  of e x c i t a t i o n  and 
d i s s o c i a t i o n  caused by c o l l i s i o n s  of molecules  w i t h  s low e l e c t r o n s !  and 
(3) c l a r i f i c a t i o n  of t h e  comple te  energy b a l a n c e  i n  t h e  d i s c h a r g e  re- 
a c t i o n ,  
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\ R e c e n t l y  i n  t h i s  l a b o r a t o r y ,  s t u d i e s  on hydroc rack ing  of Coa l ,  t a r ,  [ a n d  r e l a t e d  hydrocarbons,  u s i n g  an e l e c t r i c  d i s c h a r g e  sys t em have been 

\, under t aken .  T h i s  work was p r i m a r i l y  in t ended  t o  o b t a i n  chemica l  eng i -  
' n e e r i n g  knowledge of e l ec t r i c  d i s c h a r g e  chemical  p r o c e s s e s .  As p a r t  of 

t h e  program, decomposi t ion of methane was s t u d i e d ,  s i n c e  t h i s  gas  is 
l i k e l y  t o  be used a s  one of t h e  r e a c t a n t s  f o r  c r a c k i n g  of hydroca rbons ,  
and f u r t h e r  its s imD1.e  chemical  s t r u c t u r e  is w e l l  s u i t e d  t o  d e f i n i t i v e  
s t u d i e s .  
were a l s o  conducted b u t  t h e y  w i l l  be r e p o r t e d  e l s e w h e r e .  

S i m i l a r  s t u d i e s  u s i n g  a l i p h a t i c  hydrocarbons o t h e r  t h a n  methane 

EXPERIMENTAL 
A p a r a t u s  The e x p e r i m e n t a l  a p p a r a t u s  is shown s c h e m a t i c a l l y  i n  F i g u r e  h e t  ane was f e d  t o  t h e  r e a c t o r  w i th  a d e f i n i t e  f l o w  r a t e  deter-  
mined by a r o t a m e t e r .  Then, t h e  p roduc t  g a s e s  were passed  th rough  a 
sampling b o t t l e  and a d r y  testmeter. The r e a c t o r s  employed i n  t h i s  i n -  
v e s t i g a t i o n  were e s s e n t i a l l y  c o n c e n t r i c  e l e c t r i c  d i s c h a r g e  t u b e  s i m i l a r  
t o  o z o n i z e r s .  The dimensions and t h e  m a t e r i a l s  of t h e  e l e c t r o d e s  were 
v a r i e d ,  a s  summarized i n  Tab le  1. I n  T a b l e  1, t h e  d i s c h a r g e  s p a c e ,  V, 
i n  c c . ,  t o t a l  s u r f a c e  a r e a ,  S ,  i n  cm2, and t h e  l o g a r i t h m i c  ave rage  of 
t h e  o u t s i d e  and i n s i d e  e l e c t r o d e  a r e a ,  A ,  i n  cm.2 a r e  l i s t e d  t o g e t h e r .  
On one s i d e  of t h e  q u a r t z  e l e c t r o d e ,  a s i l v e r  or t i n  o x i d e  c o a t i n g  
s e r v e d  a s  t h e  e l e c t r i c a l l y  c o n d u c t i v e  s u r f a c e .  In o r d e r  t o  de te rmine  
t h e  r e a c t o r  t e m p e r a t u r e ,  t h e r m i s t o r s  were a t t a c h e d  t o  t h e  o u t s i d e  
e l e c t r o d e  and a thermometer was p l aced  i n  t h e  i n s i d e  e l e c t r o d e .  The 
e l e c t r i c a l  system is shown s c h e m a t i c a l l y  i n  F i g u r e  1-b. 

The corona g e n e r a t i n g  equipment used i n  t h e s e  expe r imen t s  c o n s i s t s  
of a h igh  v o l t a g e ,  h igh  f r equency  power s u p p l y ,  w i t h  a s s o c i a t e d  i n s t r u -  
men ta t ion  t o  c o n t r o l  and measure t h e  corona power g e n e r a t e d .  The out-  
p u t  of a 10 ,000  c y c l e ,  30 KW, i n d u c t o r - a l t e r n a t o r  is f e d  t o  t h e  pr imary 
of a 50 KV. h igh  v o l t a g e  t r a n s f o r m e r  and,  i n  t u r n ,  t o  a t uned  c i r c u i t ,  
t o  a corona c e l l ,  and t o  t h e  h igh  v o l t a g e  i n s t r u m e n t a t i o n .  The B a s i c  
Power and I n s t r u m e n t a t i o n  C i r c u i t  is shown on F i g u r e  1-b. 

I n d u c t o r - a l t e r n a t o r  o u t p u t  v o l t a g e  and s u b s e q u e n t l y ,  t r a n s f o r m e r  
h igh  v o l t a g e ,  a r e  c o n t r o l l e d  from z e r o  t o  maximum o u t p u t  by v a r y i n g  
t h e  a l t e r n a t o r  f i e l d  c u r r e n t .  

S i n c e  t h e  corona c e l l  i t s e l f  r e p r e s e n t s  a c a p a c i t i v e  l o a d  on t h e  
i n d u c t o r - a l t e r n a t o r  and t h e  t r a n s f o r m e r ,  a t u n i n g  c i r c u i t  is provided 
f o r  power f a c t o r  c o r r e c t i o n ,  so  t h a t  t h e  h igh  v o l t a g e  t r a n s f o r m e r  sees 
o n l y  t h e  r e s i s t i v e  l o a d  r e p r e s e n t e d  by t h e  corona power d i s s i p a t e d  i n  
t h e  corona c e l l .  T h i s  t u n i n g  c i r c u i t  c o n s i s t s  of an a i r - c o r e ,  f o i l  
wound choke and a vacuum-capacitor bank,  connec ted  a s  a p a r a l l e l  reson-  
a n t  c i r c u i t  a c r o s s  t h e  t r a n s f o r m e r  secondary .  

High v o l t a g e  i n s t r u m e n t a t i o n  i n c l u d e s  a vacuum t u b e  v o l t m e t e r  
o p e r a t i n g  from a c a p a c i t a n c e  v o l t a g e  d i v i d e r ,  fo r  r e a d i n g  t h e  peak 
v o l t a g e  a p p l i e d  t o  t h e  co rona  c e l l ,  and a b r i d g e  c i r c u i t  f o r  determin-  
i n g  corona power by means of t h e  p a r a l l e l o g r a m - o s c i l l o s c o p e  t e c h n i q u e .  
T h i s  t e c h n i q u e  shows t h e  r e l a t i o n s h i p  between t h e  v o l t a g e  on t h e  c e l l  
e l e c t r o d e s  a t  any i n s t a n t  and t h e  c h a r g e  f low i n  t h e  c i r c u i t  up  t o  t h a t  
i n s t a n t .  Using t h e  a r e a  of p a r a l l e l o g r a m  on t h e  o s c i l l o s c o p e ,  t h e  power 
i n p u t  (18) t o  t h e  r e a c t o r  was computed. 

~~ 

18. The power d i s s i p a t e d  i n  a c o n c e n t r i c  c y l i n d e r  co rona  ce l l  c o n s i s t -  
i n g  of a gaseous gap  i n  series w i t h  s o l i d  d ielectr ic  b a r r i e r s  c a n  
a l s o  be c a l c u l a t e d  from t h e  e x p r e s s i o n :  
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P = 4fC v (V -Vt) 
b g  m 

where P is power i n  w a t t s ,  
f is power s u p p l y  f r e q u e n c y ,  c . P . s . ,  
c b  is  c a p a c i t a n c e  of t h e  d i e l e c t r i c  b a r r i e r s ,  
Vg i s  v o l t a g e  across gaseous gap a t  t h e  i n s t a n t  of corona 

i n i t i a t i o n  
Vt i s  t o t a l  v o l t a g e  a p p l i e d  t o  t h e  corona c e l l  a t  t h e  

i n s t a n t  of c o r o n a  i n i t i a t i o n ,  and 
V, i s  co rona  c e l l  o p e r a t i n g  v o l t a g e ,  a t  some v a l u e  g r e a t e r  

t han  V t .  

I n  t h e  above c a l c u l a t i o n ,  peak v o l t a g e  v a l u e s  a r e  u s e d .  

P rocedures  The e n t i r e  sys t em was f i r s t  evacua ted  and methane was 
i n t r o d u c e d  t o  t h e  r e a c t o r  w i t h  a d e f i n i t e  f low r a t e .  The v o l t a g e  
a p p l i e d  t o  t h e  r e a c t o r  was g r a d u a l l y  i n c r e a s e d  t o  t h e  gas-space break- 
down v o l t a g e ,  a t  which t h e  e lec t r ic  d i s c h a r g e  was i n i t i a t e d .  Then, t h e  
v o l t a g e  was a d j u s t e d  u n t i l  t h e  p a r a l l e l o g r a m  on t h e  o s c i l l o s c o p e  showed 
t h e  d e s i r e d  d i s c h a r g e  w a t t a g e .  The d i s c h a r g e  power was ma in ta ined  
c o n s t a n t  d u r i n g  t h e  r u n .  The r e a c t i o n  was u s u a l l y  c o n t i n u e d  a t  l e a s t  
f o r  30 minutes  b e f o r e  samples  were t a k e n .  If t h e r e  was l i q u i d  p roduc t  
i n  t h e  condense r - I ,  it was weighed b u t  no a t t e m p t  was made t o  ana lyze  
i t .  The gaseous samples  w e r e  ana lyzed  by mass s p e c t r o m e t e r .  For re- 
a c t i o n  a t  h i g h e r  t e m p e r a t u r e s , t h e  methane was h e a t e d  t o  t h e  desired 
t e m p e r a t u r e  i n  a p r e h e a t e r  which was equipped w i t h  a t e m p e r a t u r e  
c o n t r o l l e r  (West Co . ) .  

EXPERIMENTAL RESULTS 

V a r i a t i o n  of t h e  Composition w i t h  Residence Time The p r i n c i p a l  
r e a c t i o n  p r o d u c t s  were hydrogen,  e t h a n e ,  p ropane ,  b u t a n e ,  pen tane  and 
f u r t h e r  h i g h e r  p a r a f f i n s - .  
e t h y l e n e  and p ropy lene  was found .  In  F i g u r e  2 and 3, t h e  v a r i a t i o n  of 
t h e  composi t ion w i t h  r e s i d e n c e  t i m e  i s  shown. These t w o  sets of r u n s  
were conducted a t  t e m p e r a t u r e s  between 200 and 23OoC under  a p r e s s u r e  
of 760 mm Hg. 
d e n s i t y  l e v e l s  were 0 . 1 3  and 0.15 ma./cm. . The c u r r e n t  d e n s i t y  was 
computed by u s i n g  t h e  v o l t a g e  i n  t h e  d i s c h a r g e  space  c a l c u l a t e d  from 
t h e  t o t a l  v o l t a g e  a p p l i e d ,  t h e  d i s c h a r g e  w a t t a g e  and t h e  l o g a r i t h m i c  

t h e  f r a c t i o n  C2 and C3 i n c l u d e  e t h y l e n e  and p ropy lene ,  r e s p e c t i v e l y ,  
and t h e  f r a c t i o n  +C4 i n c l u d e s  a l l  t h e  h i g h e r  p a r a f f i n  homologues. 

I n  some e x p e r i m e n t a l  r u n s ,  a s m a l l  amount of 

The model I11 r e a c t o r  was zmployed, and t h e  c u r r e n t  

I ave rage  a r e a  of t h e  e l e c t r o d e s  A ,  l i s t e d  i n  T a b l e  1. In  t h e s e  f i g u r e s ,  

I t  was observed t h a t  t h e  d i s a p p e a r a n c e  of methane and t h e  forma- 
t i o n  of H2, C , C3 and +C4 were more r a p i d  a t  t h e  h i g h e r  c u r r e n t  d e n s i t y .  
I n  t h e  i n i t i a ?  p e r i o d  methane was consumed a lmos t  p r o p o r t i o n a l l y  t o  
t i m e .  T h i s  f a c t  a g r e e s  t o  t h e  r e s u l t s  r e p o r t e d  by Lind and S c h u l t z e ( 3 )  
After  t h i s  p e r i o d ,  methane d i s a p p e a r e d  e x p o n e n t i a l l y  w i t h  t i m e .  I t  
must be no ted  t h a t  i n  e a c h  of t h r e e  r u n s  hav ing  r e s i d e n c e  t i m e  l onge r  

i t h a n  100 seconds produced a s m a l l  amount of l i q u i d  which was of amber 
c o l o r .  I 

E f f e c t  of Temperature on t h e  I n i t i a l  Rate of Reac t ion  U s  i n g  t h e  
Model I1 and IV-C r e a c t o r ,  t h e  i n i t i a l  r a t e  of methane d i s a p p e a r a n c e  I 

A 

was i n v e s t i g a t e d  v a r y i n g  t h e  r e a c t i o n  t e m p e r a t u r e .  The r e a c t i o n  temp- 1 

e r a t u r e  was de t e rmined  by t a k i n g  t h e  ave rage  of t h e  i n s i d e  and o u t s i d e  
e l e c t r o d e  t e m p e r a t u r e s .  In  F i g u r e  4 ,  is shown t h e  Ar rhen ius  p l o t  of 
t h e  i n i t i a l  r a t e  of CH4 d i s a p p e a r a n c e  i n  a t m . / s e c .  Two l i n e s ,  AA and 



?? 
I 
i BB, c o u l d  be  drawn, and t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y  of t h e  o v e r a l l  
li r e a c t i o n  was c a l c u l a t e d  t o  be 4 Kcal./mol. The p o i n t s  a l o n g  t h e  l i n e  
\ \ A  were de termined  a t  a c u r r e n t  d e n s i t v  of 0 . 0 9 5  ma./cm.2 and an a m l i e d  

p o t e n t i a l  of 5 to 5 . 2  KV. a c r o s s  t h e  d i s c h a r g e  s p a c e ’ u s i n g  t h e  modei I11 
r e a c t o r .  The p o i n t s  a l o n g  t h e  l i n e  BB w e r e  de te rmined  a t  a c u r r e n t  den- 
s i t y  of 0 . 1 5  t o  0 . 1 7 - m a . / c n 1 . ~  u s i n g  t h e  model IV-C r e a c t o r  a t  4 . 5  t o  
5 . 0  KV. a c r o s s  t h e  d i s c h a r g e  s p a c e .  Both series were made under  a p r e s -  
s u r e  of one atmosphere.  

E f f e c t  of C u r r e n t  D e n s i t y  on t h e  I n i t i a l  Rate  of React ion  I n  o r d e r  
t o  c o r r e l a t e  t h e  i n i t i a l  r a t e  of methane d i s a p p e a r a n c e  w i t h  current  
d e n s i t y ,  t h e  r a t e  of r e a c t i o n  a t  2OO0C w a s  computed from e a c h  r a t e  ob- 
t a i n e d  a t  v a r i o u s  r e a c t i o n  t e m p e r a t u r e s  by u s i n g  t h e  a c t i v a t i o n  energy  
of 4 Kcal . /mol .  (The t e m p e r a t u r e ,  ZOOOC, is j u s t  an a r b i t r a r y  tempera- 
t u r e . )  The computed r a t e s  of  r e a c t i o n  a r e  p l o t t e d  a g a i n s t  c u r r e n t  
d e n s i t y  i n  F i g u r e  5. The rate of r e a c t i o n  i n c r e a s e d  as  t h e  c u r r e n t  
d e n s i t y  i n c r e a s e d ,  f o l l o w i n g  a r e l a t i o n s h i p ,  

(1)  d(CH ) - 

where t h e  r a t e  is i n  a t m . / s e c . ,  t h e  c u r r e n t  d e n s i t y ,  j , is  i n  ma./cm. , 
and k i s  0 . 0 7 5  i n  a v e r a g e .  

E l e c t r i c  Discharge  i n  Space Packed w i t h  Alundum G r a i n s  and E f f e c t  of 
P r e s s u r e  on t h e  Rate  of Reac t ion  The d i s c h a r g e  s p a c e  of t h e  model 
-reactor was packed w i t h  alundum g r a i n s  h a v i n g  a p a r t i c l e  s i ze  of 
10  x 15 T y l e r  mesh, t o  d e t e r m i n e  any consequent  effect  on t h e  r e a c t i o n  
r a t e .  The t o t a l  p r e s s u r e  of t h e  s y s t e m  was a l so  v a r i e d  i n  t w o  e x p e r i -  
menta l  r u n s .  The e x p e r i m e n t a l  r e s u l t s  a r e  summarized i n  T a b l e  11. For 
t h i s  packed s p a c e  r e a c t o r ,  t h e  a p p l i e d  v o l t a g e  r e q u i r e d  t o  i n i t i a t e  t h e  
d i s c h a r g e  was g r e a t e r  and t h e  d i s c h a r g e  w a t t a g e  w a s  sma l l e r  t h a n  for 
t h e  r e a c t o r  w i t h o u t  p a c k i n g .  F o r  t h e  packed d i s c h a r g e  s p a c e  reac tor ,  
t h e  a p p a r e n t  c u r r e n t  d e n s i t y  and t h e  a p p a r e n t  r e a c t i o n  r a t e  are  l i s t e d  
i n  T a b l e  11. The a p p a r e n t  d i e l e c t r i c  c o n s t a n t  of t h e  s p a c e  packed w i t h  
alundum g r a i n s  was = c a l c u l a t e d  u s i n g  Kamiyoshi’s  c o r r e l a t i o n  (19) , and 

- + - k ( j )  
2 

19. K .  Kamiyoshi,  S c i e n c e  R e p o r t s ,  R e s .  I n s t .  Tohoku Univ. Ser.A, 1, 
305 (1949),  C . A .  45,  5991 

t h e n  t h e  v o l t a g e  a p p l i e d  t o  t h e  packed d i s c h a r g e  s p a c e  and t h e  a p p a r e n t  
c u r r e n t  d e n s i t y  were e s t i m a t e d .  For b e t t e r  comparison,  t h e  r e a c t i o n  
r a t e  a t  20OoC. was c a l c u l a t e d  f o r  each  r u n  and l i s t e d  i n  T a b l e  11. 
S i n c e  t h e  r a t e  i n c r e a s e s  w i t h  power d e n s i t y ,  i t  is s e e n  t h a t  t h e  re- 
a c t i o n  r a t e  is c o n s i d e r a b l y  h i g h e r  i n  t h e  packed s p a c e  r e a c t o r ,  and 
lower  a t  reduced p r e s s u r e .  

E f f e c t  of t h e  Uni formi ty  of t h e  F i e l d  on t h e  Reac t ion  Rate  Using t h e  
s e v e r a l  r e a c t o r s  h a v i n g  d i f f e r e n t  d i a m e t e r  r a t i o ,  Di/dn, ( the  r a t i o  
between t h e  i n s i d e  d i a m e t e r  of t h e  o u t s i d e - e l e c t r o d e  a i d  t h e  o u t s i d e  
d i a m e t e r  of t h e  i n s i d e - e l e c t r o d e ) ,  t h e  p o s s i b l e  e f f e c t  of non-uni formi ty  
of t h e  f i e l d  on t h e  reac t ion  r a t e  was i n v e s t i g a t e d .  I t  must be n o t e d  
t h a t  f o r  t h e  model IV-D and t h e  IV-E r e a c t o r ,  t h e  i n s i d e  e l e c t r o d e  was 
t u n g s t e n  r o d  or w i r e .  (This  t y p e  of r e a c t o r  was c a l l e d  a semi-corona 
r e a c t o r  by Lind e t  a l . )  The c a t a l y t i c  e f f e c t  of t h e  t u n g s t e n  s u r f a c e  
was assumed i n s i g n i f i c a n t .  I t  was observed  t h a t  f o r  t h e s e  t w o  reactors, 
d i s c h a r g e  s t r e a m e r s  were formed o n l y  around t h e  c e n t e r  e l e c t r o d e ,  where- 
a s  i n  t h e  o t h e r  model r e a c t o r s ,  numerous f i n e  b l u e i s h  streamers extended  
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f r o m  t h e  i n s i d e  electrode t o  t h e  o u t s i d e  e l e c t r o d e  r e s u l t i n g  i n  forma- 
t i o n  of blue glow i n  a l l  t h e  d i s c h a r g e  s p a c e .  

The e x p e r i m e n t a l  r e s u l t s  a r e  l i s t e d  i n  T a b l e  111. I n  t h e  second 
e x p e r i m e n t a l  r u n ,  t h e  IV-D r e a c t o r  f a i l e d  by a r c i n g  between t h e  elect-  
r o d e s .  S i m i l a r l y ,  t h e  exper iment  u s i n g  t h e  IV-E r e a c t o r  was h i n d e r e d  
by t h e  f o r m a t i o n  of s e v e r a l  h o t  s p o t s  on t h e  t u n g s t e n  e l e c t r o d e  which 
r e s u l t e d  i n  a r c - o v e r  between t h e  e l e c t r o d e s .  F o r  b e t t e r  comparison,  
t h e  r e a c t i o n  r a t e s  a t  2OO0C were c a l c u l a t e d  u s i n g  an a c t i v a t i o n  energy  
of 4 Kcal/mol.  and t h e y  are  a l s o  l i s t e d  i n  T a b l e  111. Taking  i n t o  
a c c o u n t  t h e  d i f f e r e n c e  i n  c u r r e n t  d e n s i t y ,  t h e  r e a c t i o n  r a t e  seemed 
lower i n  t h e  reactor h a v i n g  l a r g e r  Di/do. 

1 

DISCUSSIONS 

Based on s t u d i e s  of  t h e  r a d i o l y s i s  of  methane,  t h e  f o l l o w i n g  f o u r  
s t e p s  may be c o n s i d e r e d  t o  be of pr imary  impor tance  i n  t h e  decomposi- 
t i o n  of methane by e lec t r ic  d i s c h a r g e :  

(1) Formation of e x c i t e d  molecules  by i n e l a s t i c  c o l l i s i o n s  w i t h  
e l e c t r o n s  h a v i n g  s u f f i c i e n t l y  h i g h  e n e r g y ,  and subsequent  de- 
composi t ion  t o  f r ee  r a d i c a l s  and/or  a toms.  

(2) I o n i z a t i o n  of m o l e c u l e s  and s u b s e q u e n t  n e u t r a l i z a t i o n  of i o n s ,  I 

r e s u l t i n g  i n  f o r m a t i o n  of f r e e  r a d i c a l s .  

(3) Ion-molecule r e a c t i o n s  (20), forming  l a r g e r  i o n s ,  and subsequent  , 
n e u t r a l i z a t i o n  l e a d i n g  t o  f o r m a t i o n  of n e u t r a l  molecules  and 
f r e e  r a d i c a l s ,  

20. F.W. Lampe, J . L .  F r a n k l i n ,  and F . H .  F i e l d ,  K i n e t i c s  of t h e  React ions '  
of Ions  w i t h  Molecules ,  i n  P r o g r e s s  i n  R e a c t i o n  K i n e t i c s ,  V o l .  I ,  , 

67,  Pergamon P r e s s ,  N e w  York, (1961) .  

( 4 )  Combination of f r e e  r a d i c a l s  o r  r e a c t i o n  of f r e e  r a d i c a l s  w i t h  
molecules  ( 2 1 ) .  

2 1 .  E.W.R.  S t e a c i e ,  A t o m i c  and F r e e  R a d i c a l  R e a c t i o n s ,  Reinhold 
P u b l i s h i n g  C o r p . ,  N e w  York (1954) .  

Thus,  f o r  example,  t h e  f o r m a t i o n  of e t h a n e  c o u l d  be e x p l a i n e d  by 
t h e  f o l l o w i n g  s t e p s  : 

(1) CH4+ CH; j CH3 + H 

4 
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(3) (a) C H ~ +  + CH~-+ C H ~ +  + C H ~  

(b) CH3+ + 

. ,  
(4) (a)  H + CH4+ CH3 + H2 

(b) CH3 + H2+H + CH4 

( c )  CH3 + C H 3 9 c 2 H 6  

(d) H + CH3+ CH4 

Any a t t e m p t  t o  e x p l a i n  t h e  f o r m a t i o n  of h i g h e r  p a r a f f i n s  l e a d s  t o  
e x t r e m e l y  complex r e a c t i o n  mechanisms i n v o l v i n g  s u c c e s s i v e  i o n i z a t i o n s  
or e x c i t a t i o n s  of p r o d u c t s  by t h e  e l ec t r i c  d i s c h a r g e .  

I n  t h i s  i n v e s t i g a t i o n ,  a s  n o t e d  e a r l i e r ,  t h e  a p p a r e n t  a c t i v a t i o n  
energy  of 4 Kcal/mol.  was o b t a i n e d  f o r  t h e  o v e r a l l  r a t e  of methane 
d i s a p p e a r a n c e .  For  e l ec t r i c  d i s c h a r g e  r e a c t i o n ,  it is r e a s o n a b l e  t o  
assume t h a t  t h e  r a t e  of r e a c t i o n s  ( l ) ,  (2) and (3) a r e  e s s e n t i a l l y  
independent  of t e m p e r a t u r e .  The ion-molecule  r e a c t i o n s ,  s t e p  (3), have 
a l s o  h i g h  s p e c i f i c  r a t e  of r e a c t i o n .  According t o  S t e a c i e  ( 2 1 ) ,  f o r  
t h e  f r e e  r a d i c a l  r e a c t i o n s , t h e  a c t i v a t i o n  energy  is 6 Kcal/mol. for 
4 - ( a ) ,  10 Kcal/mol. f o r  4- (b) and 0 f o r  4-(c) and (d) . There  are o t h e r  
p o s s i b l e  f r e e  r a d i c a l  r e a c t i o n s  which c o u l d  form e t h a n e ,  b u t  t h e y  have 
a c t i v a t i o n  e n e r g i e s  t o o  h i g h  t o  be of impor tance  h e r e .  For t h i s  re- 
a c t i o n  sys tem,  t h e  c o n c e n t r a t i o n  of  h i g h  e n e r g y  e l e c t r o n s  produced by 
t h e  e l e c t r i c  d i s c h a r g e  seems t o  b e  f a i r l y  l o w  and ,  c o n s e q u e n t l y ,  t h e  
c o n c e n t r a t i o n  of f ree  r a d i c a l s  formed may be l o w .  Thus,  i t  is p r o b a b l e  
t h a t  t h e  r o l e  of f r e e  r a d i c a l - m o l e c u l e  r e a c t i o n s  c o u l d  p l a y  an import-  
a n t  role  i n  t h e  r a t e  c o n t r o l l i n g  s e n s e .  F u r t h e r  work is needed t o  
c l a r i f y  t h e  mechanism. 

The r a t e  of t h e  e l e c t r o n  c o l l i s i o n  p r o c e s s  i n  a p o s i t i v e  column 
can  be  e x p r e s s e d  by t h e  f o l l o w i n g  e q u a t i o n  (22) .  

22.  R.W. Lunt ,  The Mechanism of Ozone Formation i n  E l e c t r i c a l  D i s -  
c h a r g e s ,  in .Ozone Chemistry and Technology,  Advances i n  Chemistry 
S e r i e s  (1959). 

Jve 
where,  j is c u r r e n t  d e n s i t y ,  

W is e l e c t r o n  d r i f t  v e l o c i t y  
p is p a r t i a l  p r e s s u r e  of t h e  r e a c t a n t ,  

Q (V) is cross s e c t i o n  f o r  t h e  r e a c t i o n  a f f e c t  by e 
of e n e r g y  V ,  

f (V)  is  e l e c t r o n  e n e r g y  d i s t r i b u t i o n  f u n c t i o n ,  
V e  is c r i t i c a l  e n e r g y ,  and 
R is r a t e  of r e a c t i o n .  

ec t r o n s  
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If more than  one  k i n d  of  e l e c t r o n - r e a c t a n t  r e a c t i o n  is involved  
s i m u l t a n e o u s l y ,  i n t e g r a l  must be  r e p l a c e d  by t h e  sum of t h e  i n t e g r a l s .  
I n  t h i s  i n v e s t i g a t i o n ,  t h e  i n i t i a l  r a t e  of methane consumption was 
found t o  be p r o p o r t i o n a l  t o  t h e  c u r r e n t  d e n s i t y  when o t h e r  f a c t o r s  a r e  
k e p t  c o n s t a n t .  Except  for t h e  i n i t i a l  t i m e  p e r i o d ,  p r o p o r t i o n a l i t y  of j 
t h e  r a t e  t o  t h e  p a r t i a l  p r e s s u r e  of t h e  r e a c t a n t  was a l s o  found a s  
shown i n  F i g u r e  2 and 3 which show t h e  v a r i a t i o n  of methane concen t r a -  
t i o n  e x p o n e n t i a l  t o  t i m e .  Taking  i n t o  account  t h e  d i f f e r e n c e  i n  c u r r e n t  I 

d e n s i t y ,  i t  i s  s e e n  t h a t  p r o p o r t i o n a l i t y  between t h e  r a t e  and t h e  pres -  . 
s u r e  somewhat d e v i a t e s  f o r  t h e  packed bed r e a c t o r  shown i n  Table  11. 
T h i s  may be  due t o  an  u n c e r t a i n t y  i n  e s t i m a t i o n  of t h e  a p p a r e n t  d i e l e c t r i c  
c o n s t a n t  of t h e  alundum g r a i n s  packed s p a c e  and,  t h e r e f o r e ,  i n  c u r r e n t  / 

d e n s i t y .  However, a s  a f i rs t  approx ima t ion ,  e q u a t i o n  (2) seems t o  
app ly  t o  t h i s  work. 

B e f o r e  corona  is i n i t i a t e d  t h e  t o t a l  a p p l i e d  v o l t a g e  is d i s t r i b u t e d  , 
a c r o s s  t h e  c e l l  components i n v e r s e l y  a s  t h e i r  c a p a c i t a n c e .  Then, t h e  
v o l t a g e  and g r a d i e n t s  i n  a c o n c e n t r i c  c y l i n d e r  r e a c t o r ,  j u s t  b e f o r e  t h e  
s t a r t  of co rona ,  can  be e x p r e s s e d  b y  t h e  f o l l o w i n g  e x p r e s s i o n :  

r - 

(3) 1 V 1 
E rk 1 I n  [(Do/Di) (do/di9 + ln(Di/do) 

3 

g 

kg 
I 

kb I 

where, E is  t h e  f i e l d  a t  any p o i n t  i n  r a d i u s , r ,  I 

V is  t h e  t o t a l  a p p l i e d  v o l t a g e ,  
k and kb a r e  t h e  d ie lectr ic  c o n s t a n t  f o r  g a s  and b a r r i e r ,  

Do and Di a r e  t h e  o u t s i d e  and i n s i d e  d i a m e t e r  of t h e  o u t s i d e  

do and di a r e  t h e  o u t s i d e  and i n s i d e  d i a m e t e r  of t h e  i n s i d e  

A f t e r  corona  is i n i t i a t e d ,  t h e  t o t a l  a p p l i e d  v o l t a g e  is d i s t r i b u t e d  
a c r o s s  t h e  c e l l  components d i r e c t l y  as t h e i r  impedance. However, t h i s  
d o e s  n o t  a l t e r  t h e  e q u a t i o n  (3) g r e a t l y .  

8 r e s p e c t i v e l y ,  
' ; 

e l e c t r o d e ,  and 

e l e c t r o d e .  

S i n c e ,  

r 
t h e  e q u a t i o n  (3) becomes - 

E - l n  (DX/do) J ( 5 )  

The d r i f t  v e l o c i t y ,  W, and t h e  i n t e g r a l  t e r m  i n  e q u a t i o n  (2) a r e  
a f u n c t i o n  of E/p, where p is t h e  p r e s s u r e .  Thus, t h e  o v e r a l l  r a t e  of 
r e a c t i o n  b e c o m g t h e  i n t e g r a l  of t h e  e q u a t i o n  (2) w i t h  r e s p e c t  t o  r a d i a l  
d i s t a n c e .  
d e c r e a s e  i n  t h e  o v e r a l l  r a t e  of r e a c t i o n .  S i n c e  t h e  e x a c t  e x p r e s s i o n s  
of Q(V),f(V),and W a r e  n o t  a v a i l a b l e ,  t h e  a n a l y s i s  of t h e  d a t a  is 
q u a l i t a t i v e .  
a p p a r e n t l y  a p o s s i b l e  f a s t e r  r e a c t i o n  r a t e  i n  t h e  s t r o n g  f i e l d  n e a r  t h e  
c e n t e r  electrode was ove rba lanced  by t h e  s l o w e r  r a t e  i n  t h e  weak f i e l d  
p o r t i o n  of t h e  r e a c t o r .  

Inc reas ingL  t h e  d i ame te r  r a t i o ,  Di/do, appeared  t o  cause  a 

N e v e r t h e l e s s ,  for t h e  r e a c t o r  hav ing  larger Di/d,, 
; 

The r a t e  of r e a c t i o n  was s i g n i f i c a n t l y  i n c r e a s e d ,  when t h e  r e a c t o r  
d i s c h a r g e  space  was packed w i t h  alundum g r a i n s .  T h i s  i n c r e a s e  i n  t h e  
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r a t e  canno t  be  e x p l a i n e d  c l e a r l y .  Higher f i e l d  i n  t h e  packed s p a c e ,  
s u r f a c e  r e a c t i o n  e f f e c t s ,  i f  any,  or h i g h e r  c o n c e n t r a t i o n  of h igh  
ene rgy  e l e c t r o n s  i n  a smoothly d i f f u s e d  d i s c h a r g e  formed i n  a packed 
s p a c e  c o u l d  be t h e  r e a s o n s .  

The ene rgy  y i e l d  of t h e  p r o c e s s  is shown i n  F i g u r e  6 ,  where ene rgy  
i n t r o d u c e d  p e r  u n i t  mol. is p l o t t e d  a g a i n s t  methane consumption i n  p e r  
c e n t .  The c a l c u l a t e d  r e a c t i o n  r a t e s  a t  2OO0C were used  f o r  t h e  p l o t .  
The s l o p e ,  t h a t  i s ,  t h e  average ene rgy  s p e n t  p e r  mol. of methane con- 
sumed was 1980 Kcal/mol. a t  2OO0C f o r  t h e  i n i t i a l  p e r i o d .  The b e s t  
r e s u l t  was o b t a i n e d  f o r  t h e  alundum g r a i n  packed r e a c t o r  a t  2 6 7 O C .  and 
t h e  ene rgy  y i e l d s  were 740, 1090, 3000, and 9000 Kcal p e r  mol. of CH4 
d i s a p p e a r a n c e ,  and H 2 ,  C2H6 and + C 3  f o r m a t i o n ,  r e s p e c t i v e l y .  The 
c o r r e s p o n d i n g  G v a l u e s  were 3.1 ( -CH4),  2 . 1  ( H a ) ,  0 . 7 7  (C2H6) and 0 . 2 6  
(+C,) .  These v a l u e s  a r e  abou t  one-half  of t h e  v a l u e s  o b t a i n e d  by 
r a d i o l y s i s  ( 6 , 7 , 8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 ) .  
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